We report herein Cu 2 ZnSnS 4 (CZTS) thin film solar cells with 6.75% conversion efficiency, without an antireflection coating. The CZTS precursors have been prepared by cosputtering using three different targets on Mo-coated substrates: copper (Cu), tin sulfide (SnS), and zinc (Zn). The postsulfurization was carried out at different pressures in a H 2 S/N 2 environment at 550 ∘ C for one hour. A comparative study on the performances of solar cells with CZTS absorber layers prepared at different sulfurization pressures was carried out. The device efficiency of 1.67% using CZTS absorber and low pressure sulfurization is drastically improved, to an efficiency of 6.75% with atmospheric pressure sulfurization.
Introduction
Photovoltaic (PV) technology using heterojunction thin film solar cells has remarkable potential to generate renewable energy. Meanwhile, several fabrication techniques have been adopted to prepare high performance thin film solar cells by using abundant materials. The absorber layer for the thin film solar cells can be prepared by various methods like sputtering, evaporation, electrodeposition, sol gel techniques, and spray pyrolysis [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , using abundant materials such as kesterite Cu 2 ZnSnS 4 (CZTS) [2] , Cu 2 SnS 3 [12] , Cu 2 S [13] , SnS [14] , Zn 3 P 2 [15] , and hybrid perovskite CH 3 NH 3 PbI 3 [16] [17] [18] . In particular, the sputtering deposition technique has the advantages of easy control and tuning of the material composition of the film. CZTS has been receiving noticeable attention because of its nontoxic and abundant constituent elements. Solar cells using CZTS absorber layers prepared by postsulfurization of a coevaporated metal sulfur precursor layer showed a certified efficiency of 8.4% [2] . Scragg et al. prepared CZTS precursors by reactively cosputtering in a pure H 2 S atmosphere and showed 7.9% efficiency by 570 ∘ C sulfurization for 10 min in sulfur vapor [19] . Also Tajima et al. reported 8.8% efficiency using a two-layered CZTS absorber prepared by sputtering [20] . The fabrication route based on sputtering technology with postsulfurization demonstrates the more promising results. It should be noted that the technology based on sputtering stands out from the other chemical methods as having the promise of lending itself to large-scale industrial manufacturing. The feasibility of optimizing the postsulfurization process is another important factor that determines whether or not a CZTS solar cell of high efficiency can be produced. The parameters in the sulfurization process, such as the chemistry of the chosen atmosphere, the temperature profile with time, and the pressure, are linked to each other and can affect the crystallization process with regard to elemental composition variance, grain boundaries, and grain size. To grow the CZTS absorber layer, the sulfurization process can be done either at low temperature for a long time (500−530 ∘ C for 1-2 hours) or at high temperature for a short time (550−580 ∘ C for 5−20 min). An H 2 S gas annealing atmosphere can form largegrained CZTS films with uniform diffusion of the elements [21] . It is important to explore the sulfurization process with due regard to the optimization of the annealing parameters 2 International Journal of Photoenergy in order to produce CZTS solar cells with high conversion efficiencies. CZTS has a small parameter window within which to bring about a thermodynamically stable phase [22] . A very small variation in the sulfurization parameters favors the formation of secondary phases such as Cu 2 SnS 3 , ZnS, SnS 2 , and Cu 2 S and consequently CZTS films have been investigated extensively with regard to the source of the sulfur [23, 24] , sulfurization time [25, 26] , sulfurization temperature [27, 28] , and sulfur partial pressure [29, 30] . However, few reports are available on the effect of pressure during sulfurization, which has an important influence on the quality of CZTS film and also affects the formation of a MoS 2 layer at the interface between the CZTS and Mo.
In this work, we report the comparison of morphological, compositional, and structural properties of the CZTS thin films sulfurized at different pressures and the corresponding device performance. The CZTS films were deposited by cosputtering on Mo-coated soda lime glass (SLG) using Cu, SnS, and Zn targets, followed by postsulfurization in H 2 S gas atmosphere at 550 ∘ C for one hour at different sulfurization pressures. The solar cell devices were fabricated using a CZTS absorber layer with the sequence of SLG/Mo/CZTS/CdS/iZnO/Al:ZnO/Ni-Al. The cell device performance was characterized by current-voltage ( -) measurements and external quantum efficiency (EQE). A detailed explanation of Raman and XRD peaks corresponding to the CZTS kesterite phase is also presented.
Experimental Details
The precursor layer for the CZTS absorber was deposited on a molybdenum-(Mo-) coated glass substrate by cosputtering of three two-inch-diameter sputter targets-Cu (99.9%), SnS (99.9%), and Zn (99.9%)-respectively, connected to DC, RF1, and RF2 power supplies. The details of magnetron sputtering system are given elsewhere [4, 5] . The Mo-coated glass was cleaned by acetone, methanol, and DI water before the deposition of the CZTS absorber layer. The target powers of 15, 35, and 80 W were used for the Cu, SnS, and Zn targets, respectively. The film was deposited for 40 min with a working pressure of 1 mT. This was followed by an annealing of the CZTS layer in N 2 /H 2 S (95/5%) mixed gas environment at 550 ∘ C for 1 hour in a furnace, inside a quartz tube. Prior to sulfurization at 550 ∘ C, soft annealing (S.A.) at 350 ∘ C for 30 min was carried out in the same environment at atmospheric pressure to prevent evaporation and loss of elements. The sulfurization was performed at different pressures. The sulfurization pressure inside the quartz tube was maintained at 780, 760, 730, 700, and 670 Torr by passing mixed gas at the flow rate of 50 SCCM. The detailed sulfurization procedure is explained in Supplementary Information and is shown in Figure S1 , available online at http://dx.doi.org/10.1155/2015/750846. The surface and crosssectional morphologies of the film were characterized by a scanning electron microscope (SEM; JSM7401F, JEOL). The phase purity of the CZTS layer was assessed by high resolution X-ray diffraction (XRD; D8 Discover, Bruker) and Raman scattering spectroscopy with excitation wavelength of 532 nm. The elemental composition of the film was confirmed by X-ray fluorescence spectrometry (XRF; Primus 2, Rigaku). The solar cell device was fabricated by deposition of an ntype CdS buffer layer which was synthesized using chemical bath deposition. Before deposition of the CdS layer, the CZTS surface was etched for five minutes in a 0.5 M potassium cyanide (KCN) solution prepared in DI water. Then a transparent conductive oxide (TCO) layer of i-ZnO/Al:ZnO was deposited by RF-magnetron sputtering. The device was then completed by thermal evaporation and deposition of a Ni/Al upper electrode grid. The thicknesses of the CdS, i-ZnO, and Al:ZnO layers were around 60 nm, 50 nm, and 450 nm, respectively. The measurements of current-voltage ( -) characteristics were performed for solar cells fabricated with CZTS layers prepared in different sulfurization pressures under AM 1.5G one-sun illumination (100 mW/cm 2 ) using a solar simulator (Oriel Sol 3A class AAA). The quantum efficiency measurement was carried out using a commercial photovoltaic measurements system (PV Measurement Inc., Boulder, CO) with a 75 W xenon lamp (Ushio, Japan) as a light source in DC mode.
Results and Discussion
The surface and cross-sectional SEM images of the CZTS films prepared by cosputtering and sulfurized at various sulfurization pressures are shown in Figure 1 . The measured film thickness of all samples is approximately 1.0 m. As shown in Figure 1(a) , the sample prepared at 780 Torr sulfurization pressure shows big grains with few voids on the surface of the film. The cross-sectional image of the same sample shows compact and void-free morphology. The sample sulfurized at a pressure of one atmosphere (760 Torr) shows large, uniform grains with well-defined grain boundaries and a faceted surface of compact cross section extending through the thickness of the film, as shown in Figure 1(b) . It is important to obtain a CZTS absorber layer with a morphology that consists of welldefined grain boundaries which act as less recombination sites for electrons [31] . As the sulfurization pressure decreased from 730 to 670 Torr, the grain size became bigger and finally a few big grains broke down into small grains. The surface and cross-sectional images of the films are shown in Figures  1(c)-1(e) . At low pressures, the melting point of metal sulfides decreases during the sulfurization process and so liquid Cu 2 S may help to increase the grain size [32] . Also, due to different diffusion coefficients of the elements the Kirkendall effect can be observed during low pressure sulfurization. That brings about the formation of voids and secondary phases like SnS, Cu 2 S, or ZnS [33, 34] .
The elemental composition of the sulfurized CZTS films has been characterized by XRF. The observed atomic percentage and atomic ratios of Cu, Zn, Sn, and S are shown in Table 1 . The film prepared at 780 Torr sulfurization pressure shows Cu-rich and Zn-poor composition which can lead to the formation of a Cu 2 S secondary phase. The films were soft annealed at 350 ∘ C for 30 min at atmospheric pressure which helped prevent evaporation and loss of elements. All the samples show atomic % and the ratios close to the desired range as reported for high-efficiency CZTS solar cells [1, 2] .
International Journal of Photoenergy International Journal of Photoenergy Raman scattering with a 532 nm excitation wavelength has been employed to confirm CZTS phase formation and to detect the presence of secondary phases, as shown in Figure 2 . All the films exhibit a major peak at 336 cm −1 which is identified as the main vibrational A1 symmetry mode, along with one weak peak at 284 cm −1 [4, 5] . Raman spectra also reveal the presence of Cu 2 S with a characteristic mode at 476 cm −1 in the film that was sulfurized at higher than atmospheric pressure, at 780 Torr. Raman spectra also reveal the presence of MoS 2 with characteristic modes at 408 cm −1 and 380 cm −1 in the films sulfurized at 730, 700, and 670 Torr. Only the pure CZTS phase was identified in the film sulfurized at atmospheric pressure.
The crystallinity and the orientation of the films were investigated using X-ray diffraction (XRD), as shown in Figure 3 . All of the films show main peaks at 2 values of 28.5, 32.9, 47.3, 56.1, and 76.4 degrees, respectively, corresponding to (112), (200), (220), (312), and (332) planes in the tetragonal body-centered kesterite CZTS phase-according to JCPDS card number . The XRD pattern also shows the Mo peaks at 2 values of 40.5, 58.5, and 73.6 degrees, respectively, corresponding to (110), (200), and (211) planes in body-centered cubic Mo-according to JCPDS card number 04-0809. The XRD results show excellent agreement with the previously reported results and confirm that the CZTS thin films were formed with good crystallinity [4, 5] . The secondary phase peaks were observed at a 2 value of 31.77 degrees, which corresponds to the Cu 2 S phase, and 26.65 degrees, which corresponds to the SnS phase-for the films sulfurized at higher (780 Torr) and lower (670 Torr) pressures, respectively. The formation of Cu 2 S and SnS secondary phases results in an interfacial recombination due to the lattice mismatch with CZTS and a decrease in open-circuit voltage due to the different energy band gap [35, 36] . The formation of MoS 2 at the interface between Mo and CZTS was detected in the films sulfurized at lower pressure. The MoS 2 layer may be helpful as an electrical quasiohmic contact and can improve the adhesion between CZTS and Mo back contact but it can also lead to a high series resistance if it is not thin enough [37] .
The current density voltage ( -) curves for solar cells were measured under AM1.5 and 100 mW/cm 2 illumination and the detailed photovoltaic properties are shown in Figure 4 and summarized in Table 2 . The device fabricated with the CZTS absorber formed at a 760 Torr sulfurization pressure shows 6.75% efficiency. The improvement in the efficiency comes from the enhancement of oc . As the sulfurization pressure decreases from 730 Torr to 670 Torr, the efficiency of the devices decreases from 4.70% to 1.62%. The deterioration in photovoltaic properties mainly comes from nonuniform CZTS grain size and the presence of voids which leads to low oc and FF. The degradation in sc and oc that was observed for the device with the CZTS absorber formed at the sulfurization pressure of 780 Torr may be mainly due to the presence of the Cu 2 S phase. The solar cell efficiency with the CZTS deposited by cosputtering showed 6.77% by Katagiri et al. [1] . Similarly efficiencies of 6.3% and 9.2% have been reported by Solar Frontier for CZTS with CdS and for hybrid (CdS + InS) n-type layers, respectively [38] . The conversion efficiency of 6.75% reported here is for the cell without antireflection (AR) coating. Figure 5 shows the external quantum efficiency (EQE) spectra of all solar cells for the wavelength range between 200 and 1000 nm. The device fabricated with the CZTS absorber formed at 760 Torr sulfurization pressure shows higher EQE values, indicating improved carrier collection which may be due to the larger junction area and less absorption by CdS. The curve gradually decreases in the long wavelength area suggesting a shorter carrier diffusion length and lower collection efficiency in the bulk of CZTS absorber. 
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2 was recorded for the same CZTS device. The short circuit current values obtained from both EQE and -tests are almost the same. Similarly, as the sulfurization pressure decreases from 730 Torr to 670 Torr, the EQE of the devices decreases. To improve the CZTS device efficiency and sc , further CdS and transparent conductive oxide (TCO) optimization is required. The approaches for minimizing broadband reflection and maximizing total transmission into the CZTS absorbing layer require a different device architecture compared to that which serves mainly to minimize reflection [39] .
Conclusion
A 6.75% efficient CZTS solar cell was fabricated using cosputtering followed by sulfurization in H 2 S gas at atmospheric pressure. The solar cell shows a higher EQE value, particularly in the blue light wavelength region, due to the larger junction area. A solar cell with CZTS formed at atmospheric pressure shows significant enhancement in oc and FF compared to CZTS prepared at low sulfurization pressure under 730 Torr. The formation under low pressure sulfurization of MoS 2 at the back contact and nonuniform grains with big voids leads to low sc and oc . The Cu 2 S phase was found in film prepared at 780 Torr, which impaired the CZTS solar cell performance.
To improve the CZTS device performance, optimization of sulfurization strategies in order to bring about good CZTS absorber morphology is required. Furthermore, CdS and TCO layer optimization is needed to enhance the photoresponse throughout the solar spectral range.
